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The influence of transport-limited kinetic crack growth on the
fatigue properties of soda-lime glass was examined. Dynamic
fatigue data were taken on specimens with controlled inden-.
tation flaws and were compared with the predicted response
from measured crack velocity characteristics. Heptane was
used as the operational test environment because of its pro-
nounced crack velocity plateau; control tests in water served to
establish a baseline reference for comparing the results. Frac-
tographic observations using a stress wave marker technique
showed a complex growth history for flaws broken in heptane
compared to that for flaws broken in water. The magnitude of
the predicted region II influence is too small to be detected in
the dynamic fatigue results, even allowing for the relatively
high degree of data reproducibility. The implications of this
conclusion for lifetime predictions are discussed.

I. Introduction

HE long-term strength of brittle solids is governed by such

factors as flaw size and shape and the susceptibility to chemi-
cally enhanced slow crack growth. Implicit in the fracture me-
chanics treatments of time-dependent strength (fatigue) properties
are certain assumptions concerning these factors, e.g. that the
flaws respond in essentially the same way as macroscopic cracks
and that the crack velocity can be expressed as some simple
function (usually power law) of the stress intensity factor. The
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success of this approach has led, in conjunction with statistical
accountability of flaw populations, to useful engineering design
schemes. '

This paper examines the degree to which macroscopic crack
velocity data can be used to determine the kinetics of failure in
strength testing. In particular, a critical look is taken at the potential
complications in lifetime predictions when the crack velocity func-
tion shows multiregion behavior.> Generally, three such regions are
identifiable: region I (low velocities), controlled by rate of reaction
between environmental species and crack-tip bonds; region II (in-
termediate velocities), controlled by rate of transport of environ-
mental species to the tip; region III (high velocities), controlled by
electrostatic environment-bond interactions.* It is customary to
recognize the existence only of region I in the formal derivation of
fatigue equations, on the grounds that it is the domain of slowest
growth that must control the crack evolution to failure and that in
the more concentrated active environments (e.g. water) the higher
regions are not strongly evident in the crack velocity response. In
addition, it has been argued that natural surface flaws, by virtue of
their relatively small size and their continuous accessibility to the
external environment at the points of intersection with the free
surface,>™” may not be subject to conventional region II effects.
Considerations of this kind clearly raise questions about the status
of macroscopically determined crack velocity functions as a suit-
able basis for fatigue strength analysis.

The approach adopted here is to run dynamic fatigue tests on
glass specimens with controlled flaws, generated by Vickers inden-
tations,*'" in an environment with a pronounced region II crack
velocity plateau. Although indentation-induced crack systems are
subject to intense residual stress fields,'®'>'? these fields have
been well characterized and are readily accommodated into the
fracture mechanics formalism.®'* The element of control signifi-
cantly reduces the statistical aspect, and allows for monitoring of
the crack evolution to failure. In the present study, this monitoring
is accomplished by imposing periodic stress markers onto the frac-
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Fig. 1. Schematic of transducer setup for imposing sonic
markers on surface of indentation flaw in flexural specimen.
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Fig. 2. Crack velocity data for soda-lime glass in heptane
(6 specimens) and water (2 specimens) obtained using
double-cantilever technique. For heptane, solid lines are
segmented least-squares fits to regions I, II, and III; broken
line is extrapolation of region I to point of intersection
with region III. For water, solid line is prediction from
fatigue data.

ture surfaces.'>”'” The dynamic fatigue data are then compared to
predictions calculated from v-K curves® obtained on double-
cantilever-beam specimens.

II. Experimental Procedure

Soda-lime glass was selected as a model material for all tests in
this study. Heptane was chosen as the test medium because its low
affinity for water (=50 ppm) leads to a wide region II plateau;
also, it has been determined that exposure to air does not lead to
an increase in water concentration. Control tests were conducted in
water to provide a convenient reference baseline for data analysis.
Inert strength tests for parameter calibration were conducted in dry
nitrogen gas.®’

(1) Macroscopic Crack Velocity Measurements

Crack velocities were measured on specimens (75 by 12.5 by
1 mm) cut from glass microscope slides, using the double-
cantilever configuration with applied-moment loading.'® A groove
~0.5 mm deep was cut down the length of one face to guide the
crack. The specimens were annealed, precracked, and immersed in
the test fluid. An optical microscope was used to monitor the crack
growth. Stress intensity factors were calculated from the applied
load and specimen dimensions.'®

*The subscript is dropped from K, on the understanding that we are always dealing
with mode I cracks.
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(2) Failure Tests on Controlled-Flaw Specimens

Controlled flaws for strength testing were introduced by indent-
ing with a Vickers pyramid. Flaws of different dimensions were
produced by varying the contact load, P, so that any size effect in
the region II kinetics might be investigated.'' All indentations were
made in air at a fixed load duration of 10 s, and were left to stand
for ~30 min before strength testing to allow any relaxation in the
residual stress field (e.g. due to lateral crack growth®) to equalize
for all specimens.

The failure tests were conducted in four-point flexure, using a
crosshead machine to deliver the bending loads. The rods were
carefully oriented so that one set of radial cracks emanating from
the indentation corners was normal to the maximum tensile stress.
For water, a droplet was simply placed on the indentation site
immediately prior to testing; in the case of heptane a liquid bath
was necessary because of rapid evaporation. In the latter case the
specimens were dried for several minutes in hot air before im-
mersion. Beam theory was used to compute the stress at failure, oy.
Routine microscopic examination of the broken parts was carried
out to confirm that failure originated at the indentation flaw.

(A) Stress Wave Fractography: Stress wave fractographic
observations'*~'” were made on annealed glass specimens (150 by
8 by 2 mm) containing 5 N indentations. A transducer mounted at
the end of the bend bar generates transverse stress waves normal
to the plane of the indentation crack which is to lead to failure
(Fig. 1). These waves periodically modify the direction of the
maximum tensile stress generated by the external load, without
significantly affecting the driving force on the crack. The per-
turbations leave optically detectable time markers on the fracture
surface. Taken in conjunction with the transducer frequency, the
markers constitute a pictorial record of the velocity history of
the crack system. The major departure from previous studies using
this technique is in the lower frequencies attainable, <0.1 Hz
(cf. the MHz region conventionally used); under such operating
frequencies optically resolvable markers could be produced at
crack velocities <1 ums™', corresponding to the heptane data
plateau region.

(B) Dynamic Fatigue Curves: Fatigue tests were carried out
at constant stressing rates, d,, on annealed glass rods 5 mm in
diam. (inner span 20 mm, outer span 60 mm). An effort was made
to cover as wide a stressing-rate range as possible (e.g. by incorpo-
rating a piezoelectric load cell into the system for measuring flex-
ural forces at fast rates)’ to maximize the prospects of detecting any
significant shifts in the comparative heptane and water fatigue
curves. Inert strengths were measured at the fastest loading rates in
flowing dry N, gas.

III. Results and Discussion

Let us now show the correspondence between the three sets of
observations, i.e. macroscopic crack growth, fractography, and
dynamic fatigue.

The macroscopic crack-growth data in Fig. 2 show clear evi-
dence for multiregion velocity behavior in heptane. These data
agree with those previously reported for heptane and other al-
kanes.'” For a macroscopic crack, the level of the plateau is a
function of the concentration of water and the viscosity of the
fluid.* However, Quackenbush and Frechette®® and Richter'®
showed that both the crack velocity at which a plateau is observed
and the crack-front shape are functions of specimen thickness. The
work of these authors suggests that the heptane v-K curve in Fig. 2
is not unique. Whereas regions I and III represent reaction rates
intrinsic to the material-environment system, region II is de-
pendent on crack size and shape.

Now consider the flaw-growth patterns in Fig. 3 obtained by
stress wave fractography on cracks grown under a constant bending
load. In both Figs. 3(A) and 3(B), corresponding, respectively,
to heptane and water, two frequencies have been superimposed to
allow coverage of a wide range of velocities. First note that the
markers for the specimen tested in water remain closely elliptical
in profile, and increase smoothly in spacing, over the entire range
of crack growth, corresponding to velocities from 2 um-s™' to
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100 mm's ™', indicative of a single region of crack propagation.
The flaw growth in heptane is more complex. The spacing of the
markers in the low-frequency domain is nearly constant, and corre-
sponds to a crack velocity of 3 um-s™', near the region II plateau.
As crack growth proceeds within this region, the crack front be-
comes increasingly distorted from its initially near-elliptical profile
below the tensile surface. Once into the high-frequency domain,
corresponding to velocities >1 m-s ', the front reverts to the ellip-
tical geometry. This difference in behavior between water and
heptane environments was reproducible over a number of tests.

Based on the preceding fractographic observations, it would be
expected that the fatigue strengths of specimens tested under water
and heptane might differ, especially at stressing rates for which the
crack spends the largest portion of its growth in region II.

Accordingly, let us examine the possible correspondence be-
tween v-K and dynamic fatigue results in terms of indentation
fracture mechanics. All mathematical details involved in establish-
ing this correspondence are relegated to the Appendix. We simply
note at this point that analytical solutions of the fatigue equations
for flaws with residual stresses are obtainable only for single-
region crack velocity functions of power-law form, and that these
solutions are themselves of power-law form.' Figure 4 shows the
dynamic fatigue curves predicted from the crack-growth data in
heptane, with and without a region Il plateau included in the calcu-
lations, as well as the experimental dynamic fatigue data in water
and heptane. Note that the data have been normalized for inden-
tation load, P, so that all data for each environmental condition
might be reduced to a universal curve.

The sequence of operations to obtain the predicted and measured
dynamic fatigue curves in Fig. 4 was as follows:

(i) On the assumption that the results for tests in water may be
described by single-region behavior over the data range covered,
a linear least-squares fit was appropriately made to the loga-
rithmically plotted dynamic fatigue data'' in Fig. 4. The slope and
intercept of this fitted line, in conjunction with inert strength
parameters, gives, via a suitable set of transformation equations,
corresponding values for exponent and coefficient in the glass/
water crack velocity equation.

(ii) A linear representation of the result from step (i) was made
on the logarithmic crack-velocity/stress-intensity-factor diagram,
Fig. 2. The plotted line is seen to pass through the experimental
points for a water environment, within the scatter over the data
range covered.® Thus self-consistency between results from fatigue
and velocity tests is established for this single-region system.

(iii)) Linear least-squares fits were made to each of the three
clearly defined crack velocity regions in Fig. 2. Appropriate ex-
ponents and coefficients were evaluated for each fitted segment.

(iv) Using these calibrated velocity parameters, together with
the same inert-strength parameters referred to in (i). numerical
solutions'* were obtained for the dynamic fatigue equation (Appen-
dix) for heptane.” Two such solutions are plotted in Fig. 4, one
with and the other without region II included in the crack velocity
function; in the latter case region I is taken to operate up to the
extrapolated intersection with the region 11 curve (Fig. 2).

Even with the relatively high degree of reproducibility achieved
by using indentation-induced flaws, the magnitude of any region 1l
influence seems to be too small to be unequivocally distinguished
in the dynamic fatigue results for heptane. The fact that the data
taken at different loads fall onto the same curve for each environ-
ment indicates that flaw size alone is not a primary factor. Similar
conclusions were reported by Chandan et al., * although their data
were less detailed than those presented here.

IV. Concluding Remarks

The foregoing observations suggest that indentation flaws do not
show a one-to-one correspondence with macroscopic cracks in
their multiregion crack velocity response. This breakdown in cor-
respondence appears to be confined to region II: we recall that for
the tests in water, where region I effectively controls the kinetics
over the data range considered, mutual consistency is obtained
between crack velocity and dynamic fatigue results. Regions I and
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Fig. 3. Fracture surfaces of soda-lime glass from indentations at contact
load of 5 N and subsequent bending stress of 35 MPa: (A ) heptane, marker
frequencies 60 mHz and 104 kHz; (B) water, 1.1 Hz and 1.9 kHz. (Super-
posed frequencies in each case simply allow coverage of extended velocity
range; arrows indicate points at which markers correspond to transition
from lower to higher frequency.) Compare distorted marker pattern in
heptane with relatively symmetrical pattern in water.
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Fig. 4. Normalized dynamic fatigue curves for soda-lime glass in heptane
and water. Each data point is mean and standard deviation, in logarithmic
coordinates, of 6 to 15 specimens (error bars omitted for water, for clarity).
Contact loads P used for heptane are indicated (loads used to obtain control
water data covers range 0.05 to 10 N (Ref. 11), but are not differentiated
here). Shaded band denotes inert-strength level. Solid line through water
data is least-squares fit. Solid line through heptane data is prediction from
crack velocity curve with region II included; broken line is corresponding
prediction with region II excluded.

SIn drawing a straight line through the water data in Fig. 2 we intend no statement
about the fundamental relation between crack velocity and stress intensity factor; ours
is strictly an empirical fitting procedure.

“Inclusion of a possible threshold stress intensity factor at 0.3 MPam"? in Fig. 2
did not significantly affect the calculated fatigue curves.
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IIl are intrinsic to the material/environment and would not be
expected to depend in any way on crack geometry. For region II,
however, with its origins deeply rooted in transport mechanisms,
geometrical factors must play some role. Such effects have been
noted in fracture mechanics specimens, where the crack velocity
plateau becomes a function of specimen width.'®*® Our results
suggest that crack shape is an even more important factor than
crack size. Thus, in the present instance with axisymmetric contact
loading the crack system always has a surface trace in direct con-
tact with the environment, so transport effects are apparent only in
the subsurface propagation; region II effects are then manifested as
a constraint on the surface expansion by the more slowly moving
inner crack portions.

The heptane results in Fig. 2 seem to indicate that higher regions
in the crack velocity function are unlikely to influence fatigue
properties strongly, particularly in longer-term tests, where the
crack spends nearly all its growth time in region I. This is not
altogether unexpected, bearing in mind the smoothing effect of
integrating over the crack velocity function in the failure mechan-
ics. Nevertheless, care should be taken in extrapolating fatigue
data to long lifetime domains which lie well outside the data range.
Fortunately, the conventional linear extrapolation procedure (i.e.
without due regard to the curvature in the fatigue plot caused by
higher regions) will tend to underestimate lifetimes, in line with the
requirements of conservative design.

Finally, we should point out that the insensitivity to region II
effects discussed here may not extend to all strength-test proce-
dures. In proof testing, the position and slope of region II have
been shown to significantly affect subsequent strength distribu-
tions. The difference between proof testing and dynamic fatigue is
that, in the latter, the failure stress is controlled more by the lower
end of the crack velocity spectrum through which the flaw grows,
whereas in the former it is only the higher end which controls.
A detailed description of proof testing in this context will be
given elsewhere.?’

APPENDIX

In this Appendix a summary is given of the derivation of dy-
namic fatigue equations from the crack velocity function for flaws
with residual contact stress. Reference is made to earlier papers for
more detailed formulations.®'''*

The analysis begins with the assumption that the crack velocity
v relates to the stress intensity factor K via a power law,

v=vy(K/K.)" (A-1)

where n and v, are empirical exponent and coefficient, re-
spectively, for a given material/environment system and K. is the
material toughness. For cracks of characteristic dimension ¢ pro-
duced at a peak indentation load P and subjected to subsequent
tensile stress o, the stress intensity factor has the form

K=xP/c"*+o.c'? (A-2)

where x and ¢ are dimensionless constants; the first term in
Eq. (A-2) represents the residual contact field and the second
represents the applied field. In dynamic fatigue testing the stressing
rate is held constant as a function of time ¢, i.e.

T, =0, (o.=constant) (A-3)

Combining the above three equations gives
dc/dt=vo(xP/K.c¥*+yo.c't/K.) (A-4)

which serves as a master differential equation. Solution of this
equation involves computation of the time-to-failure, t;, i.e. the
time for the crack to grow from its original size to a critical
instability configuration (K =K., dK/dc >0), thereby defining the
failure strength, oy =0t
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Solutions of analytical form are obtainable from Eq. (A-4) only
for single-region crack velocity functions. For the case where P is
used as a test variable, these solutions are of power-law form'''*

(7']P“3=(A[;('Tap)“("'+” (A_s)

with exponent and coefficient which relate to the crack velocity
parameters in Eq. (A—1) via the “transformation equations”'*

n=4n'/3-2/3 (A—6a)
vo=Q2mn")"(0,P )" (cm/P*>)/ A¢ (A-6b)

The quantities labeled with subscript m in Eq. (A-6b) refer to the
conditions under equilibrium crack growth, i.e. with K=K,
dK/dc =0 in Eq. (A-2), whence

UmPll3=3K:l3/4413w(XP)ll3 (A—7a)
Cm/P 213:(4XP/K¢)2/3 (A—7b)

These instability conditions are measurable as the strength and
corresponding crack size in inert environments.®’ Thus from
Eq. (A-5) we see that a plot of log(aP ') vs log(a,P) should be
universally linear for all contact loads.

For multiregion crack velocity functions no such analytical solu-
tions are available. It is then necessary to integrate Eq. (A—4)
numerically over the crack velocity range.®
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